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SUMMARY
The DirectSimulation Monte Carlo method iscurrentlybeing appliedto study flowfieldsof small
thrusters,includingboth the internalnozzleand the externalplume flow. The DSMC method is
employed becauseof itsinherentabilityto capture nonequilibrium effectsand proper boundary physicsin
low-densityflow that are not readilyobtained by continuum methods. Accurate predictionof both the
internaland externalnozzleflow isimportant in determining plume expansion which, in turn, bears
directlyon impingement and contamination effects.
INTRODUCTION
An important consideration in placing small electric thrusters on satellites is the effect the plumes
may have on contamination and heating of solar arrays, instrumentation and other subsystems, as well as
disturbance torques that may be induced by impingement on various spacecraft surfaces. Assessment of
interactions between the spacecraft and thruster requires an accurate description of the expanding plume
from the noszle using the appropriate fluid dynamic models.
The current work is specifically directed at applying gas dynamics on the molecular level to the
phenomena associated with viscous flows in nozzles and plumes of small electrothermal thrusters, such as
arcjets and high-temperature resistojets, designed for satellite stationkeeping and attitude control. Of
particular interest is the prediction of plume expansion, especially in the off-axis region where the plume
may impinge on spacecraft surfaces. A continuum code based on the Navier-Stokes' equations is also
applied, with the results used to scale the grid and provide inflow conditions for the molecular model.
In prior work, 1'2 the flow of nitrogen in and from a nozzle was computed with two numerical
techniques: one based on continuum theory that numerically solved the Navier-Stokes equations for
compressible flow, 3 and one based on a stochastic model of kinetic theory that used the direct-simulation
Monte Carlo (DSMC) method pioneered by Bird 4 and modified by Boyd. s Each was applied to solution
of a low-density, viscous gas flow in a converging-diverging nozzle of conical shape that simulated flow in
a resistojet. This work demonstrated that the numerically intensive DSMC technique could be applied
readily to a low-density nossle flow, where the flow varied from continuum at the throat to rarefied at the
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exit plane and also demonstrated that results from the DSMC method matched well with experimental
measurements of Pitot pressure and flow angle made in the plume.
The DSMC code developed by Boyd is employed in the current study to assess the effect of nozzle
shape on plume expansion and surface impingement. Nozzles of conical, trumpet, and bell shapes are
considered with flow rates of nitrogen at 6 mg/s and helium at 2.4 mg/s. The nozzle geometries and flow
conditions are given in Tables 1 & 2. To demonstrate the utility of DSMC to predict potential impinge-
ment effects aud to assess the validity of a semi-empirical model commonly used for impingement
analysis, comparisons are made of density contours produced by the DSMC code with those obtained from
Simons' method. 6
THE DSMC METHOD
The DSMC code applied in this study simulates the flowfield in two-dimensional, axisymmetric
coordinates and utilizes the VHS gas model for determination of collisional cross-sections. Rotational
energy exchange is computed with the probability model of Boyd. 7 The flows are assumed to be both
chemically and vibrationally frozen.
The computational grids used in the current study are based on continuum flowfield solutions
from RKRPLUS. s The mesh for the nozzle flow consists of 250x88 cells and 800,000 particles are used in
the simulation. The nozzle flow simulation begins just downstream of the throat, in the diverging section,
and uses results from the continuum code for the inflow surface. The performance of the DSMC code on a
Cray/YMP for this case is 1.08x10 "6 CPU seconds/particle/time step.
The nozzle and plume flows are simulated separately due to the large variation in density between
the two regions. A mesh consisting of 130x96 cells is used for the plume simulation with 48 particles per
cell. An inverse-squared relation for density with distance from the nozzle exit plane is used to scale the
cell dimensions. The plume simulations require 14.4x10 "6 CPU seconds/particle/time step on an IBM
RS/6000 workstation.
SAMPLE OF RESULTS
Isograms ofMach Number are given inFig. 1 forthe internalflow of nitrogenfor each of the
threenozzleshapes. The nozzleshave the same exit-to-throatarea ratioof 225:1 but differinlength
becauseofthe contour. The figureillustratesthe distinctflow structureof each shape. The conicalshape
givesthe maximum expansion contrastedto the bellcontour, derivedfrom the classicalRao design
methodology, that restrictsexpansion of the flow to the point ofcausing viscousdecelerationfrom a
maximum Mach Number of about 8 in the internalportionofthe nozzleto a Mach Number of about 5 at
the exitplane.
To quantifydifferencesin plume expansion for the variousnozzleshapes,densitycontours along
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arcs of vario,s radii originating from the center of the exit plane are given in Fig. 2. The curves are
normalized by the density on the plume axis (0 °) for each case. In Fig. 2a (arc radius = one exit diet.) the
density for the trumpet nozzle is higher than for the cone and bell nozzles. The effect of nozzle contour on
plume shape, however, diminishes with arc radius as is readily apparent by the similarity of the curves in
Fig. 2b (arc radius = 5 exit dia. I.
Comparison of density contours for the conical nozzle from the DSMC method with the Boynton-
Simons' model s for the expansion of the nozzle core flow are compared in Fig. 3 along a radial line 30 ° off
the plume axis extending from the centerline of the nozzle exit plane to 0.1 m into the plume. The
Boynton-Simons' model predicts a plume density about an order of magnitude higher than the DSMC
simulation.
CONCLUSIONS
The DSMC technique is a practical tool for prediction of nozzle and plume flow, and assessing the
effect of plume expansion on surface impingement for small thruster nozzles characterized by low-density,
highly viscous flow. The prediction of plume density from the DSMC method for the conical nozzle of
this study is substantially lower than from the widely used Boynton-Simon model. As the results are
preliminary and significant, they will be investigated further in continuation of this work.
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Table 1: Nozzle Geometries
Cone Trumpet Bell
Throat Diameter 0.635 mm 0.635 mm 0.635 mm
Exit Diameter 9.526 mm 9.526 mm 9.526 mm
Area Ratio. (A/A*) 225 225 225
Exit Half-Angle 20* 40* 10 °
Diffuser Length 12.301 mm 12.301 mm 16.04 mm
Table 2: Nozzle Flow Conditions
Propellant
Flow Rate
Total Pressure, Po
Total Temperature. T O
Wall Temperature
Throat Reynolds Number
Nitrogen
6.0 x 10 -6 kg/s
9100 Pa
294 K
298 K
700
Helium
2.4 x 10 "6 kg/s
10360 Pa
297 K
298 K
250
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0.0076
0.0050
i
_- 0.0025
0,00¢0
0.0oo0 0.o02s 0.0os0 0.ooTs 0.0100 o.o12s o.o150
Axial Distance (m)
Rg. 18. Mach no. contours of N, flow through conical nozzle
0.0075
0.0080
o
i
_s
_. 0.0025
0.0000
o.oooo o.oo2s o.oo_ o.ooTs o.oloo
A_l O_anc, (m)
Fig. lb. MILch no. contours of N_ flow through Irumpet-sl_l:_id nozzle
, , , ! .... i
0.0125 0.0150
0.0075
0.00_0
'i
_ 0._25
0._
o._ o._s o._ O._TS o.o_ o.o_:s o.o_
Axial _stance (m)
F'_. 1c. Math 11o. Gontounl of N, flow Ihrough be,_ped noz_ (sho_)
_ 123
1.25
l Cone I
..... Trumpet
1.00 . "_ Bell
0. 75 " '_
• _,
• I
0+50 . _
• I,L
0.25 "" . _" ,,
0.00 :'_--- - • -, ,
25 50 75
e (degrees)
F_g. 2a. NormaJized dens_ vs. thata at arc rad_; = 1 exit diameter
, , I
100
0.25
F_. 2b. Nom-,alized density vs. tlleta at arc radius - 5 exit dlamater_
Cor)e
..... Trumpet
..... Boll
, , I
100
10+
10"
10"
"_ 10=
10 'j
10 _
I. DSMC I
..... Si_'o_S' model
°°, •
,10 4 .... !
0.OOO 0.025 0.050
Radial Oimnce (m)
F_g. 3. Normmlized <:lendty vs. radial distance at IheUI. - 30*
I I i i I i I , , !
0.075 0.100
124
